Introduction
============

Over the past decade, ultrashort X-ray pulses have become an essential tool for exploring the dynamical properties of matter at the time scale of fundamental processes^[@bib1]^. This field of research has quickly progressed since the emergence of X-ray free-electron lasers (X-FELs), which deliver intense and high-quality femtosecond X-rays^[@bib2]^. Although FELs are invaluable tools, many of the experiments that are performed at the large-scale X-FEL facilities could be carried out with a less intense source. Hence, the development of more compact and cheaper sources should democratize the access to femtosecond X-rays. Among such alternative sources, the laser-driven betatron source is the brightest and most developed source in the X-ray regime^[@bib3],\ [@bib4]^. When produced with terawatt-class lasers, it delivers femtosecond X-rays in the few-keV energy range, with a divergence of some tens of milliradians and a peak brightness similar to that of third-generation synchrotrons^[@bib5]^. Although it has been demonstrated that betatron radiation can be used to perform femtosecond X-ray diffraction^[@bib6]^ and X-ray phase contrast tomography^[@bib7]^, the source has been of limited use for other synchrotron-related techniques. For instance, X-ray absorption measurements are hindered by the significant shot-to-shot fluctuations^[@bib8]^, and applications relying on magneto-optical phenomena would require polarized radiation^[@bib9]^. Although first results related to polarized betatron radiation have been presented^[@bib10]^, no laser-driven X-ray source with sufficient signal, stability and control of the polarization axis has been presented so far. In this article, a method to resolve this issue, using ionization-induced injection in a gas mixture, is presented.

Betatron radiation is most efficiently produced in the non-linear blowout regime^[@bib11]^. Here the ponderomotive force of an intense femtosecond laser pulse propagating in an underdense plasma pushes electrons away from high-intensity regions and drives, in its wake, a relativistic plasma wave. The first period of this plasma wave consists of an ion cavity, which, due to its shape, is often referred to as a bubble^[@bib12]^ ([Figure 1](#fig1){ref-type="fig"}). The electric fields inside this cavity reach up to teravolts per meter, and electrons trapped inside can be accelerated to hundreds of MeV at the millimeter scale^[@bib13]^. In the transverse direction, similarly intense fields force the electrons into betatron oscillations. With a submillimeter oscillation length and a micron-scale oscillation amplitude, the resulting radiation is similar to the synchrotron emission in a wiggler. As its properties depend exclusively on electron orbits in the cavity^[@bib4]^, the position and momentum of electrons at injection determine many radiation features^[@bib14],\ [@bib15]^.

In most experiments, the injection of electrons relies on transverse self-injection. In this scheme, represented in [Figure 1a](#fig1){ref-type="fig"}, electrons travel along the sheath and enter the cavity at the back^[@bib16]^. For perfect Gaussian laser pulses, the transversely self-injected electrons would originally be distributed homogeneously in an annular region around the pulse waist. However, when experimentally measured laser pulse profiles are used for simulations, it is found that such non-ideal pulses lead to more complex trapping patterns ([Figure 1b](#fig1){ref-type="fig"}). The position of injection cannot be controlled and strongly depends on the non-linear evolution of the laser as it propagates in the plasma. As a consequence, the electron injection and acceleration changes from shot to shot, and essential radiation properties such as the photon flux, spectrum, pointing and spatial profile fluctuate. Furthermore, radiation emitted from each electron is arbitrarily polarized, as transverse fields inside the bubble are radially symmetrical and there is no preferred direction of motion. This is different from conventional synchrotron sources, where the X-ray polarization can be controlled via the magnetic field in the insertion device. However, betatron radiation can be polarized if electrons are injected with a preferred direction of motion into the laser-wakefield accelerator. This was first demonstrated by tilting the pulse front of the laser pulse, resulting in asymmetric injection^[@bib10]^. However, because this method still relied on self-injection, the X-ray signal varied from shot to shot. Furthermore, tilting the pulse front reduces the laser intensity and, thus, the efficiency of the accelerator.

To reliably produce polarized X-rays, it is therefore necessary to inject electrons in a controlled manner. One method to achieve this is to use a colliding laser pulse^[@bib17]^. In this way, electron beams are produced more reliably, with tunable energy, low energy spread and small divergence. In turn, the beams contain low charge and have a small oscillation amplitude, and there is no preferred orientation for betatron oscillations. Thus, the radiation emission is stable, and its critical energy can be tuned, but the source is less bright and not polarized^[@bib18]^.

We find that the above limitations can be overcome using another controlled injection technique, namely ionization-induced injection. This recently demonstrated injection mechanism^[@bib19],\ [@bib20]^ relies on the use of plasma formed from a gas mixture that consists mainly of a gas with a low atomic number (here, helium is used) and a small amount of gas with a high atomic number (here, 1% of nitrogen). The inner shell electrons of the high-Z species (the K-shell electrons of ~7~N in our case) are ionized close to the peak of the laser intensity envelope. Released almost at rest, they slip toward the back of the cavity, eventually receiving enough energy to get trapped^[@bib21]^. As apparent from the schematic representation of ionization injection ([Figure 1c](#fig1){ref-type="fig"}), injection in this regime occurs essentially in the longitudinal direction. This is also seen in the simulations ([Figure 1d](#fig1){ref-type="fig"}), where a shallow halo corresponds to electrons trapped via transverse self-injection, whereas the broad spot around the laser axis corresponds to electrons from the K-shell of ~7~N. Ionization-induced injection is particularly known for its high stability^[@bib20],\ [@bib22]^, and as electrons are continuously injected, it also leads to a high beam charge (up to nC-level)^[@bib20],\ [@bib23]^. As stable, high-current electron beams are expected to produce bright, stable X-ray beams, the production of betatron radiation in this regime is studied.

Materials and methods
=====================

The experiment has been performed at the Laboratoire d'Optique Appliquée using the Salle Jaune system, a Ti:Sapphire laser operating at a 1 Hz repetition rate with a central wavelength *λ*~0~ of 813 nm. The laser delivers 1.2 J pulses at 28 fs Full width at half maximum (FWHM) duration. As depicted in the experimental setup ([Supplementary Fig. S1](#sup1){ref-type="supplementary-material"}), the laser beam is focused using an *f*/10 off-axis parabolic mirror. The laser distribution in the focal plane is close to Gaussian, with a waist *w*~0~ of 18 μm FWHM. This produces vacuum-focused intensities *I*~L~ of the order of 3.5 × 10^18^ W cm^−2^, for which the corresponding normalized vector potential *a*~0~ is 1.3. The laser is initially polarized in the horizontal direction, but the polarization axis can be rotated using a *λ*/2 waveplate.

The plasma target is formed using a 3-mm diameter supersonic gas jet, which is placed in the focal plane of the laser beam. The electron plasma density for each shot is obtained by measuring the phase shift of a probe beam in a Nomarski-type interferometer. The results in this study are obtained using a mixture of helium (99%) and nitrogen (1%) and are compared to the results of acceleration in pure helium as a reference for self-injection. These reference data for pure helium are obtained at a density of *n*~e~=1.5 × 10^19^ cm^−3^. In contrast, no self-injection is observed at *n*~e~=1.0 × 10^19^ cm^−3^; thus, the results obtained with the mixed gas at this density are attributed to ionization-induced injection.

Electron beams are characterized using a magnet spectrometer, consisting of a 10-cm-long dipole magnet (1.1 T field strength), which deflects electrons onto a phosphor screen. The spectrometer covers energies from 80 to 400 MeV and also measures the beam divergence in the vertical direction. Scintillation light is imaged onto a 16-bit CCD camera, and the beam charge is deduced using the absolute calibration from Glinec *et al*^[@bib24]^.

During the experiment, two different types of X-ray detectors are used. A gallium(III) oxide phosphor screen, fiber-coupled to a low-noise, 16-bit, 4-megapixel CCD camera (Princeton Quad-RO, Princeton instruments Inc., Trenton, NJ, USA), is used for beam profile and pointing measurements. The scintillator is protected by a 300-μm-thick beryllium filter. Placed 70 cm away from the source, the field of view is \~71 × 71 mrad^2^. The spectrum is obtained via single photon counting. For this, a direct-detection X-ray camera (Princeton Pixis, Princeton instruments Inc.) is placed on the laser axis at a distance of 9 m from the source. Taking the quantum efficiency and filters into account, the detector is sensitive from 4 to 14 keV. A 50-μm-thick Mylar filter is kept in front of both cameras. For polarization measurements, the X-ray beam is collimated using a polycapillary lens (*f*=300 mm) and sent onto an ADP (101) crystal. The reflected X-rays are sent toward the X-ray camera. The crystal reflectivity is maximal at 1.65 keV, corresponding to the Bragg energy.

Numerical modeling of the laser--plasma interaction is done using the fully electromagnetic three-dimensional Particle-In-Cell (PIC) code CALDER-CIRC^[@bib25]^. It uses cylindrical coordinates (*r*, *x*) with Fourier decomposition along the poloidal direction for the discretization of the Vlasov--Maxwell equations. Supplementary to this, test particle simulations are used to interactively model the electron beam evolution in a spherical plasma cavity. Starting from the established analytical expressions for the fields inside a cavity, the code solves the equations of motion using a Runge--Kutta algorithm. For both PIC and test particle simulations, the calculated electron trajectories *r*(*t*) and momenta *p*(*t*) are used to calculate the radiation emission via the Liénard--Wiechert potentials. The total emitted intensity is obtained by taking the scalar product of the vector integral in the general expression of the radiation emitted by a moving charge in the polarization direction^[@bib26]^.

Results and discussion
======================

Experimental results
--------------------

The accelerator is operated using the gas mixture, with an electron density of *n*~e~=1.0 × 10^19^ cm^−3^, and electron beams with an average charge of 40 pC are observed. As usual for ionization-induced trapping, electrons are continuously injected, and the resulting electron energy spectrum is broadband, with a cut-off energy of \~250 MeV ([Supplementary Fig. S2](#sup1){ref-type="supplementary-material"}).

The betatron signal from these electron beams is significantly different from the X-rays produced by the self-injected electron beams. [Figure 2a](#fig2){ref-type="fig"} shows the angular X-ray beam profile of four consecutive shots in pure helium (at *n*~e~=1.5 × 10^19^ cm^−3^) and in the gas mixture (at *n*~e~=1.0 × 10^19 ^cm^−3^). In pure helium, the X-ray beam spot presents complex structures, which vary from one shot to another in an uncontrolled way. These fluctuations of the spot shape are accompanied by significant variations of both the flux and spectrum of the radiation. Over a sample of 20 shots, the integrated signal within a radius of 5 mrad varies by 24%. In contrast, using the gas mixture, the beam stability is significantly improved, and fluctuations are reduced to 12%. Furthermore, the betatron emission is highly stable with respect to shape and position. As an illustration, [Figure 2b](#fig2){ref-type="fig"} represents the centroid position of 50 consecutive shots and the sum of the 50 angular beam profiles, which is almost indistinguishable from the individual shots shown in [Figure 2a](#fig2){ref-type="fig"}. The beam consistently has the same elliptical profile, with a larger mean divergence along the laser polarization axis (Θ~\|\|~=33±1 mrad) than in the perpendicular direction (Θ~⊥~=12±1 mrad). The beam pointing (characterized by the standard deviation of the centroid position) varies within 1 mrad, which is \~10% of the beam divergence along the minor axis. The stability of the radiation spectrum is studied via single photon counting. Because the radiation spectrum is synchrotron-like^[@bib27]^, a synchrotron spectrum is fitted to the experimental data for each shot (cf. [Figure 3a](#fig3){ref-type="fig"}). As shown in [Figure 3b](#fig3){ref-type="fig"}, the spectrum is very reproducible, with a critical energy *E*~c~=6.7±0.5 keV (determined over 60 consecutive shots). In the reference case with pure helium, the critical energy is generally lower (*E*~c~=6.5 keV), and the standard deviation is twice as large.

To verify that the orientation of the beam ellipse is correlated with the laser, the laser polarization axis is rotated. For both self-injection and ionization-induced injection, the average beam charge and energy are only weakly affected by this change. In the case of self-injection, the beam divergence is independent as well. However, for the electron beams resulting from ionization-induced injection, a larger divergence is measured along the laser polarization axis (Θ~\|\|~=16 mrad FWHM), whereas the divergence is minimal in the perpendicular direction (Θ~⊥~=4 mrad FWHM). Like the electron beam, the X-ray beam profiles turn as well. As shown in [Figure 4a--4d](#fig4){ref-type="fig"}, the X-ray beam profiles maintain their elliptical shape, but the major ellipse axis rotates and is always aligned along the laser polarization axis.

The measurements indicate that electrons oscillate preferentially along the polarization axis of the laser; thus, the X-ray beam should also be partially polarized along this direction. To confirm this, the X-ray beam is sent to a polarization analyzer consisting of an ADP crystal at the Brewster angle, which reflects the beam onto an X-ray camera. Ideally, this reflection only consists of the perpendicular s-polarized component. As expected, the signal reaches its peak once the laser is s-polarized. When the laser polarization axis is rotated such that the laser is p-polarized, the reflected signal is minimal (cf. [Figure 4e](#fig4){ref-type="fig"}). The ratio of both values (2.9±0.8 for s-polarization; 1.0±0.3 for p-polarization) is used to calculate a polarization ratio *X*~p~, which is defined as the percentage of intensity radiated along the laser polarization axis with respect to the total emitted intensity in both polarizations. With *X*~p~=75±15%, the measurement shows that the radiation is indeed preferentially polarized along the laser polarization axis.

Numerical results and discussion
--------------------------------

Electron beams produced by ionization-induced injection appear to be much less sensitive to laser intensity variations than those resulting from transverse injection, leading, in the former case, to the stable emission of X-rays. For deeper insight into the underlying physics, this phenomenon is investigated using PIC simulations. As initial conditions of the simulation, the experimentally measured focal spot is modeled using the modes *m*=0--5. The laser pulse duration is 30 fs, the laser peak intensity *a*~0~=2.0, and the numerical resolutions in the longitudinal and transverse directions are chosen to be Δ*x*=0.2 *k*~0~^−1^ and Δ*r*=1.5 *k*~0~^−1^, respectively. According to the conditions in the experiment, the simulations with pure helium are performed at a plasma density *n*~e~=1.5 × 10^19^ cm^−3^. The initial transverse position of trapped electrons is depicted in [Figure 1b](#fig1){ref-type="fig"}, with electrons originating from a ring-shaped region around the laser pulse. After acceleration, electrons are distributed without any apparent symmetry ([Figure 5a](#fig5){ref-type="fig"}), which is a result of the complexity of electron motion during transverse self-injection.

To reflect the measured shot-to-shot fluctuations of the laser system, another simulation is done for the same parameters, except for a slightly reduced laser intensity *a*~0~=1.95. The resulting injection distribution has a shape similar to that of the initial case (shown in [Supplementary Fig. S3a](#sup1){ref-type="supplementary-material"}). However, the electrons then follow trajectories close to the bubble sheath upon injection. The shape of this surface is strongly dependent on the laser and, in particular, on the distribution of the laser energy outside the central spot^[@bib16]^. Moreover, transversely self-injected electrons cross the very end of the bubble, where the fields are the largest. This amplifies the effect of any cavity distortion on the trajectories of trapped electrons. As a result, the beam profile after acceleration is markedly different from the original distribution ([Figure 5b](#fig5){ref-type="fig"}), and the beam charge decreases by 60%. This high sensitivity to the laser parameters is the main reason for the unstable X-ray emission observed in the experiments.

Next, the target gas in the simulations is changed from pure helium to a mixture including 1% nitrogen. In this case, the laser propagation is still dominated by the helium contribution, but now electrons are mainly injected longitudinally due to the ionization-induced injection. Note that the plasma density is still *n*~e~=1.5 × 10^19^ cm^−3^, which is slightly higher than in the experiment but allows for better comparison of the two trapping mechanisms. As shown in [Figure 5c](#fig5){ref-type="fig"}, the electron bunch presents a smooth profile. The lack of inner structures within the spot, which are visible for self-injection, occurs because electrons travel inside the cavity and not along the bubble sheath. The fields inside the bubble are similar to those of an ion cavity and are not affected by small changes in the charge distribution at the bubble surface, that is, by the distortion of the laser spot. Electrons injected via this mechanism are therefore less sensitive to variations of the laser intensity: When *a*~0~ is reduced from 2.0 to 1.95, there is almost no noticeable effect on the electron distribution upon injection (cf. [Supplementary Fig. S3b](#sup1){ref-type="supplementary-material"}) nor on the final beam shape (cf. [Figure 5d](#fig5){ref-type="fig"}). In fact, the laser energy primarily affects the beam charge. In the above case, the laser energy is reduced by 6.25%, resulting in a charge decrease of 6.0%. This approximately linear relation between laser energy and beam charge is in accordance with the previous results related to ionization-induced injection^[@bib23]^. The simulations thus explain the experimental observation of fluctuating electron beams in the transverse injection regime and stable acceleration in the regime of ionization-induced injection.

Furthermore, the electron beams in these simulations exhibit an elliptical profile, with their major axes oriented along the laser polarization. This is also in accordance with the experimental data. An examination of electron trajectories from the PIC simulations ([Supplementary Fig. S4](#sup1){ref-type="supplementary-material"}) helps explain this shape. In contrast to self-injected beams, electrons trapped via ionization-induced injection interact with the laser field while they travel through the cavity. This interaction presents itself as oscillations along the polarization axis. Depending on the initial position and the laser phase at ionization, different particle trajectories are observed. Electrons that experience a ponderomotive drift aligned with the oscillation direction will end up with the largest oscillation amplitude and contribute the most to the emitted radiation. Their oscillation plane is close to the polarization axis ([Supplementary Fig. S4a and S4b](#sup1){ref-type="supplementary-material"}) and can be tilted ([Supplementary Fig. S4d](#sup1){ref-type="supplementary-material"}). If the ponderomotive drift and the laser oscillations are not aligned, the electrons perform oscillations of small amplitude with random polarization. Taking into account the emission of the entire electron beam, it is found that the radiation is preferentially polarized along the laser polarization axis. The calculated polarization ratio *X*~p~=90% is even higher than observed in the experiment. The effect is most pronounced for electrons ionized close to the center of the cavity, as the transverse wakefields act symmetrically on the electrons and reduce the polarization degree.

Betatron oscillations of electrons along a preferred direction result in the emission of an elliptical beam of (partially) polarized radiation^[@bib14]^, a feature that is observed in both experiments and PIC simulations. As X-ray beam profiles are a direct signature of the electron orbits^[@bib28]^, it should be possible to deduce the X-ray polarization ratio based on them. Test particle simulations are used to determine the electromagnetic field that reproduces the X-ray beam profile observed in the experiment. It is assumed that electrons are born at rest at the maximum intensity of the laser pulse. The conservation of canonical momentum implies that the transverse momentum gain from the laser field along the polarization direction ranges from zero to *a*~0~^[@bib29]^. The plasma wake is modeled as a spherical bubble with a background density *n*~e~=1 × 10^19^ cm^−3^. Electrons are initially distributed in a 1.2-μm diameter disk, with a uniform distribution of transverse momentum ranging from 0 to 3. Despite its simplicity, the model's predictions are in accordance with the experimental data. As shown in [Figure 4b](#fig4){ref-type="fig"}, the FWHM of the calculated angular radiation profile aligns well with the observed beam profile. Furthermore, a polarization ratio *X*~p~ = 80±5% is estimated, which is in agreement with the data obtained using the polarization analyzer.

Conclusions
===========

We have reported on synchrotron radiation from betatron oscillations of electrons in a laser-wakefield accelerator using ionization-induced injection. In our regime of operation, electrons are longitudinally injected into the wakefield, interact with the laser field and start to oscillate within the plane of laser polarization. The stability of the injection and subsequent acceleration result in the emission of X-rays in the few-keV range with unprecedented stability (10% pointing instability, 12% flux fluctuations, \<10% beam-size variations and \<7% critical energy variations). Furthermore, the interaction between the laser and electrons during injection provides a preferred oscillation plane. This leads to the emission of X-rays with a polarization ratio of up to 80%. The X-ray polarization axis can be turned by rotating the laser polarization axis while maintaining other beam parameters. In conclusion, the presented source combines, for the first time, high stability with easy tunability and should become a valuable tool for applications requiring polarized, broadband femtosecond X-rays.
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![Comparison of betatron oscillations in the transverse self-injection regime and the ionization-injection regime. (**a**, **c**) Schematic illustrations of the two injection mechanisms. In both cases, an intense femtosecond laser pulse, propagating in an underdense plasma, creates an ion cavity in its wake. For transverse self-injection **a**, electrons that get accelerated have to travel along the cavity sheath and enter the cavity at the back. Using Particle-in-cell simulations, it is found that these electrons originate from a ring-shaped region around the laser axis (**b**). In contrast, in the case of ionization-induced injection **c**, electrons are ionized inside the cavity, close to the maximum intensity of the laser. Injection can therefore occur longitudinally, and the initial position of trapped electrons is very different (**d**).](lsa201786f1){#fig1}

![X-ray profiles for different gas compositions. (**a**) Angular profile of the X-ray beam for four consecutive shots in pure helium and in the gas mixture (He+1% N~2~). The color scale is the same for all images. (**b**) Integrated signal with the same area as in **a** for 50 consecutive shots in the mixed gas. Each green dot represents the centroid position for a single shot of the series. The standard deviation is 1 mrad, which corresponds to \~10% of the beam FWHM divergence. The FWHM divergences are 33 and 12 mrad along the two axes of the ellipse.](lsa201786f2){#fig2}

![Spectral measurements: (**a**) typical spectrum, measured via single photon counting in the mixed gas. The data are fitted using a synchrotron function. (**b**) Critical energy for consecutive shots. Each circle represents the critical energy for one shot in pure helium, while crosses denote the mixed gas. Dashed lines show the average energy for helium (red) and the mixed gas (blue). The shaded area around these lines represents the standard deviation.](lsa201786f3){#fig3}

![Laser polarization dependence: (**a**--**d**) show the experimental betatron X-ray beam profiles obtained for four orientations of the laser polarization. The yellow line indicates the laser polarization axis. The red line in the figure represents the FWHM contour of the beam profile obtained from the test particle simulation. (**e**) X-ray signal reflected from an ADP (101) crystal for s- and p-polarization of the laser driver. Circles represent single shots, while the dashed lines represent the average signal for s-polarization (blue) and p-polarization (red).](lsa201786f4){#fig4}

![Simulation of the effect of a small laser energy change on the electron beam profile. (**a**, **b**) show the electron distribution after acceleration in pure helium; (**c**, **d**) show that in a mixture of 99% helium and 1% nitrogen. Left figures are for *a*~0~=2.0; right figures are for *a*~0~=1.95. A slight variation of laser intensity drastically changes the electron beam profile for transverse injection, while it remains unchanged for ionization injection. The laser is linearly polarized along the *y* axis (yellow line).](lsa201786f5){#fig5}
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